ABSTRACT
INTRODUCTION
Identification of an appropriate polymer matrix and suitable dispersed filler phase influence successful formation of mixed matrix membranes (MMMs) 1 able to overcome the so-called Robeson upper bound trade-off curve for permeability and selectivity. 2, 3 Resistance to plasticization is required for many gas separation processes 4,5 and functionalized fillers are attractive to achieve high performance with adequate plasticization resistance. 6 An aromatic polyimide, 6FDA-DAM used in this work has good thermal and chemical stabilities with attractive transport properties and processability in common solvents. [7] [8] [9] [10] [11] [12] The 6FDA-DAM shows better intrinsic performance for many gas separations versus polysulfone or polyimide Matrimid ® , so it was a good choice for the current work. 13 Different fillers have been incorporated into polymer matrices, including ordered mesoporous silica, [14] [15] [16] [17] [18] non-porous silica, 5, 19 carbon molecular sieves, 20 carbon nanotubes, 21 zeolites, 22-24 and metal-organic frameworks (MOFs). 25 Several reviews have considered performance of MMMs. 1, 6, [26] [27] [28] [29] These reviews highlight the importance of engineering the contact between the organic and inorganic phases, since non-ideal contact leads to undesirable MMM morphology and non-selective defects, which compromise the performance of the membrane. 30, 31 In this work ordered mesoporous silica MCM-41 spheres (MSSs) were used as one of the fillers to improve the already attractive intrinsic properties of the 6FDA-DAM polymer. Mesoporous materials possess sufficiently large pores (20-500 Å), which may allow penetration of polymer chains, thereby improving surface contact and dispersion. Since the discovery of the M41S family of mesoporous molecular sieves by Kresge et al. 32 these materials have received intensive research as catalysts, adsorbents, and membranes. Addition of silica particles to a polymer matrix may disrupt the polymer chain packing, leading to enhanced gas permeability. 18 Reid et al. 14 studied the influence of MCM-41 as additives in polysulfone matrices showing enhanced permeability behavior due to the large pore size of the filler, but with no change of selectivity.
Various functionalization have been explored to improve surface contact in MMM application, 16, 23, 33, 34 Grignard treatment, developed by Shu and Husain 23,34 was particularly useful for polyimides due to the formation of Mg(OH) 2 nanostructures. 24 We expected that a Grignard modification of MSS particles may also be effective on the MSSs surface. 17 Moreover, using a MSSs starting material, a layer-by-layer surface procedure has been shown to produce hollow zeolite spheres (HZSs), with a silicalite-1 shell intergrown around a hollow interior. 35 Herein, we study the addition of MSSs, MgMSSs and HZSs fillers within the polymer 6FDA-DAM to form MMMs. The high performance 6FDA-DAM pure polymer was characterized for sorption and plasticization and to assess the effects of thermal annealing. MSSs were functionalized following the Grignard treatment (Mg-MSS), to modify the surface chemistry of the sieves, reducing the interaction solvent-sieve, to improve adherence to the polymer. The procedure contains: (i) crystal seeding, and (ii) crystal growth by Grignard quenching and sonication processes, as extensively described in the literature. 23 However, for silicalite-1 (zeolite with the MFI-type structure but without Al content) the process was proved to be ineffective due to the lack of appropriate crystal seed, on which Mg(OH) 2 nanostructures can grow. 38 Then a previous dispersion step of 0.5 g of MSSs in a solution of NaCl 3 M was applied to produce adequate ionic exchange. In the second step, the recovered MSS particles by filtration were placed in a reaction flask containing a magnetic stir bar. The particles and the glassware were dried at 150 ºC overnight in a vacuum oven. Then 8 mL of toluene and 1.5 mL of methylmagnesium bromide, CH 3 MgBr (3.0 M solution in diethylether, Sigma-Aldrich) were added into the sealed flask. The suspension was sonicated for 4 h and stirred during 12 h more under nitrogen before isopropanol was added drop by drop. To remove the residual solvents the resulting sol dispersion was centrifuged twice with isopropanol and then subjected to a series of sonication and centrifugation treatments (three 30 s periods of horn sonication with 2 min of repose and centrifugation upon dispersion with distilled water at 7000 rpm for 10 min) several times until the conductivity of the supernatant dropped below 30 µS/m. The final collected particles were dried overnight at 80 ºC.
As described earlier, hollow zeolite spheres (HZSs) were created using silicalite-1 seeds, of approx. 100 nm in size. The seed crystals were synthesized using a sol with the molar composition of 9 TPAOH : 25 SiO 2 : 408 H 2 O : 100 EtOH 13 which was autoclaved for 20 h at 100 ºC. To improve electrostatic interaction between the spheres and the seeds, an aqueous 0.5 M NaCl solution containing 2 mg of poly (diallyl dimethyl ammonium chloride) (PDDA) was added to the dispersed MSSs, followed by washing and centrifuging. The resulting suspension was placed in contact with dilute NH 4 OH (pH= 9.5), and 0.25 wt% silicalite-1 seeds. Excess silicalite-1 seeds were removed by washing and a layer-by-layer seeding procedure was used to produce Figure 1 ), which was synthesized as reported elsewhere. 39 The monomers 6FDA (2,2-bis (3,4-carboxyphenyl) hexafluoropropane dianhydride, Sigma) and DAM (diaminomesitylene, Sigma) were purified by sublimation and polymerized to give a Mw of 81,000, as described in previous work, 24 and used to form membranes.
Preparation of 6FDA-DAM based MMMs
MMMs with MSSs, Mg-MSSs and HZSs in 6FDA-DAM were fabricated at 8 wt% and 16 wt% to study the effect of the filler loading. A 13% polymer dope was prepared with dried 6FDA-DAM and tetrahydrofuran (THF) as solvent and rolled on a mixer overnight to get a well dispersed solution. For polymer membranes, the dope was ready for the casting; however MMMs required the following further steps: (i) drying inorganic fillers at 180ºC overnight, (ii) dispersing the dried particles in an ultrasonic bath for 30 min with enough THF to achieve a non-agglomerated dispersion, (iii) adding 10% of the above mentioned dope for "priming" to produce low polymer/filler ratio in the solvent, (iv) rolling and horn sonicating to achieve a well dispersed mixture, (v) adding the remaining 90 % of the calculated dope, and (vi) rolling in the mixer overnight.
The final solution was poured onto a glass flat plate (placed in a glove bag presaturated with THF during 3 h) and a draw knife with appropriate clearance was used to achieve the desired thickness (40±10 µm). The dense membrane was formed by controlled solvent evaporation rate overnight, followed by thermal (180 or 270 ºC) and vacuum treatment for 24 h with slow heating/cooling rates to remove the remaining solvent. 
Characterization of fillers and membranes

MSSs
High pressure sorption and permeability measurements of membranes
Sorption measurements of 6FDA-DAM based membranes were performed up to 150 kPa using a pressure decay method described in detail elsewhere.
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Permeation through a polymer is described by the solution-diffusion theory, where gases dissolve into the surface of the membrane at the high-pressure feed side, then diffuse through the polymer matrix because of a concentration gradient, and finally desorb at the low pressure permeate side. Two basic parameters are typically characterized: permeability and selectivity. Permeability (P i ) for component i, is defined as the penetrant flux, normalized by the thickness, l, and the partial pressure drop across the membrane, Δp i (Eq.1):
P is usually given in Barrer unit (1 Barrer = 10 -10 cm 3 (STP)·cm·cm -2 ·s -1 ·cmHg -1 ). When the ideal permeabilities of each species are known in the material Eq.2 for ideal selectivity or permselectivity (α i/j ) is used. α i/j for preferential permeating component i over component j is defined as the permeability ratio of the pure gases: i and j.
In the case of mixed gas feeds where there may be competitive interactions between the permeating gases and the polymer, the real selectivity or separation factor is considered. In this case α i/j expresses the relative enrichment in the permeate stream with respect to the feed composition when a gas mixture is fed to the membrane system.
The separation factor is calculated in Eq.3, being y and x the mole fraction of gas/vapor in permeate and feed sides of the membrane, respectively.
Pure and mixed-gas permeabilites for bare 6FDA-DAM polymer and MMMs were measured using two experimental procedures. The first method was a constant volume method for single gas permeation tests, described in detail elsewhere. 41 The second method was a sweep (Wicke-Kallenbach) method 42 for single gas or multicomponent gas mixtures to determine for H 2 /CH 4 , CO 2 /N 2 , CO 2 /CH 4 and O 2 /N 2 binary mixtures.
The same membranes were measured using the two set-ups under the same standard conditions for reproducibility purposes. For the constant volume method individual gases were fed at 35 ºC and ~200 kPa with a downstream at vacuum. In the WickeKallenbach method, both single and 50% binary mixtures were analyzed in a GC set-up described elsewhere. 17 The feed enters into the membrane module placed in an oven at 35 ºC (at 50 cm Excellent adhesion for a single Mg-MSS particle was observed in Figure 2f , where its external whisker-like structure promoted interfacial filler-polymer contact once embedded in the 6FDA-DAM polymer matrix. In addition, by EDX it was possible to analyze the Grignard treated sample obtaining an atomic percent of 6% for Mg (being the others oxygen and silicon: 72% and 22%, respectively). The calcined MSS, with non-surface modification, showed an atomic percent of about 75 % for oxygen and 25 % for silicon. In both cases, the percent was calculated without accounting for the carbon, coming also from the 15 nm coating needed for EDX. By thermogravimetric analysis the weight loss of calcined MSSs (4.9 %) and Mg-MSSs (18.4 %) were obtained (see Figure S1 in the Supplementary Material). The difference among these values, 13.5 wt%, is related to the magnesium oxide layer created in the MSSs surface, being in a similar range as that obtained by Husain et al. 43 by applying the Grignard treatment to zeolite SSZ-13.
The second type of filler prepared from the ordered mesoporous silica MCM-41 type structure, MSSs, was the hollow zeolite spheres (HZSs) (Figure 2g ). This selfbonded molecular sieve structure prepared by the layer-by-layer (LbL) procedure, followed by hydrothermal crystallization produced engineered particle surfaces based on silicalite-1. respectively. Previous studies also indicated a slight reduction in characteristic spacing due to addition of 16 wt% of ordered mesoporous silica particles. 18 Nevertheless, Figure   5 reveals a shift to higher 2·theta angles for 8 wt% Mg-MSS/6FDA-DAM (6.1 Å) and 8 wt% HZS/6FDA-DAM (6.3 Å) MMMs, indicating that the whisker-like structure of Mg(OH) 2 and the silicalite-1 crystals may favorably promote adhesion in a MMM. 17 First, because of enthalpic factors, from silanol groups on the silica/zeolite spheres to bridge the polymer chains through hydrogen bonding. Second, due to entropic factors favoring the interpenetration on the whiskered surface vs. contact on the featureless non whiskered surface.
Gas permeation and sorption results
Pure 6FDA-DAM membrane. Annealing temperature and plasticization pressure 
Single and mixed-gas separation of MMMs based 6FDA-DAM
A comparison of membrane performance of MMMs fabricated at the same filler loading (8 wt%) of MSSs, Mg-MSSs and HZSs are presented to illustrate properties of the three inorganic fillers (see Figure 7 and Table S1 in the Supplementary Material). into the mesoporosity of the filler may create a selective corona. Such an effect could produce higher selectivities for the hybrid system than expected for Knudsen diffusion in empty pores larger than the kinetic diameter of the gases of interest. Indeed, interactions between the dense polymer matrix and the sieves in the hybrid membrane may provide selective channels for gas separation processes. 14, 16 Following such reasoning, Moaddeb et al. 48 reported that 6FDA-IPDA thin films formed on ceramic substrates whose pores had been impregnated with silica particles exhibited improved O 2 /N 2 separation properties (selectivity of 9.3 vs. 5.3 of the pure polymer). This behavior was also found for other polymers such as 6FDA-MDA, 6FDA-6FpDA, 6FDA-6FmDA, PC and TMHFPSF, providing better gas transport properties on the polymer films in the proximity of the silica particles. 48 In such cases, increases in O 2 /N 2 selectivity and O 2 permeability were achieved beyond the upper bound limit for pure polymers. 2 The higher selectivities were attributed to increased rigidity of polymer matrix, with increases in the activation energy of diffusion due to adsorption of polymer to the surface of silica. Moreover, an increase in permeability resulted in disruption of polymer chain packing in the presence of the silica particles. Related reasoning was suggested for films containing ordered mesoporous silica and PSF to explain selective diffusivity, probably derived from hydrogen bonding with the OH-rich surface of the silica.
14,17
Based on the above success, MMMs with 16 wt% were also prepared. Figure 8 shows the permeabilities and selectivities of the pure 6FDA-DAM membranes and Table S2 in the Supplementary material) gave standard deviation of the gas permeation measurements less than 5-10%. In general, the increased loading from 8 to 16 wt% provided a large increase in permeability (producing in some cases even a rise of two-fold) together with a significant increase in selectivity, as can be seen in detail in Table S2 .
Pure gas transport often overestimate separation performance compared to the actual mixture cases due to various non-ideal sorption and transport phenomena with highly sorbing feeds. 49 In our case, however, measurements of single gas pairs and binary mixtures with the same Wicke-Kallenbach method showed minor differences in permeability and selectivity, and mixed gas permeabilities even gave more favorable selectivities in feeds containing carbon dioxide. Some successful CO 2 competitive sorption may be responsible for this effect. 
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